Sedimentary cover has significant influence on seismic wave travel times and knowing its structure is of great importance for studying deeper structures of the Earth. Seismic tomography is one of the methods that require good knowledge of seismic velocities in sediments and unfortunately by itself cannot provide detailed information about distribution of seismic velocities in sedimentary cover. This paper presents results of P-wave velocity analysis in the old Paleozoic sediments in area of Polish Lowland, Folded Area, and all sediments in complicated area of the Carpathian Mountains in Poland. Due to location on conjunction of three major tectonic units -the Precambrian East European Craton, the Paleozoic Platform of Central and Western Europe, and the Alpine orogen represented by the Carpathian Mountains the maximum depth of these sediments reaches up to 25 000 m in the Carpathian Mountains. Seismic velocities based on 492 deep boreholes with vertical seismic profiling and a total of 741 vertical seismic profiles taken from 29 seismic refraction profiles are analyzed separately for 14 geologically different units. For each unit, velocity versus depth relations are approximated by second or third order polynomials.
A b s t r a c t
Sedimentary cover has significant influence on seismic wave travel times and knowing its structure is of great importance for studying deeper structures of the Earth. Seismic tomography is one of the methods that require good knowledge of seismic velocities in sediments and unfortunately by itself cannot provide detailed information about distribution of seismic velocities in sedimentary cover. This paper presents results of P-wave velocity analysis in the old Paleozoic sediments in area of Polish Lowland, Folded Area, and all sediments in complicated area of the Carpathian Mountains in Poland. Due to location on conjunction of three major tectonic units -the Precambrian East European Craton, the Paleozoic Platform of Central and Western Europe, and the Alpine orogen represented by the Carpathian Mountains the maximum depth of these sediments reaches up to 25 000 m in the Carpathian Mountains. Seismic velocities based on 492 deep boreholes with vertical seismic profiling and a total of 741 vertical seismic profiles taken from 29 seismic refraction profiles are analyzed separately for 14 geologically different units. For each unit, velocity versus depth relations are approximated by second or third order polynomials.
INTRODUCTION
The structure of the sedimentary cover in the area of Poland is very complex due to complicated geological structure of three major tectonic units: the Precambrian East European Craton (EEC), the Paleozoic Platform of Central and Western Europe (PP), and the Alpine orogen represented by the Carpathian Mountains (PoĪaryski et al. 1982 , Znosko 1975 , 1979 Berthelsen 1992 Berthelsen , 1998 . All these units differ in tectonic age, geological history and development, and require individual analysis on P-wave velocities. Such differentiated layer of sediments has great influence on seismic wave travel times and good knowledge of seismic velocity distribution is crucial for global and regional tomography.
The thickness of the sedimentary cover varies from 300 m in NE Poland to about 16 000 m in area of Trans European Suture Zone and 25 000 m in the Carpathians (Skorupa 1974 , Czuba et al. 2002 , Grad et al. 1990 , 1991 Janik et al. 2011) . The structure of sediments is well studied for layers of Tertiary and Quaternary, Cretaceous, Jurassic, Triassic, and Permian by over 100 000 geological boreholes from which over 1000 boreholes had vertical seismic profiling done (VSP; Grad and Polkowski 2012) . Range of borehole surveying is limited to approximately 5000 m in depth (the deepest borehole in Poland, KuĨmina-1, has 7541 m depth; Moryc and àydka 2000) . Below that level other sources have to be introduced, such as deep seismic refraction. Poland is very well covered with seismic refraction profiles from multiple experiments:
POLONAISE'97 : P1 (Jansen et al. 1999) , P2 (Janik et al. 2002 (Janik et al. ), P3 (ĝroda et al. 1999 , P4 (Grad et al. 2003a) , P5 (Czuba et al. 2001) . CELEBRATION 2000 ): CEL01 (ĝroda et al. 2006 , CEL02 (Malinowski et al. 2005) , CEL03 ), CEL04 (ĝroda et al. 2006 , CEL05 , CEL10 ), CEL06, CEL11, CEL12, CEL13, CEL14, CEL21, CEL22, CEL23 (Janik et al. 2009 ). SUDETES 2003 (Grad et al. 2003c ): S01 (Grad et al. 2008 ), S02, S03, S06 (MajdaĔski et al. 2006 . other profiles: LT-2, LT-4 , LT-7 (Guterch et al. 1994) , M07, M09 (Grad et al. 1991) , TTZ . Seismic refraction profiles provide detailed data about seismic velocities along profile down to 40-80 km depth, depending on profile length and type of seismic sources used. To allow combination of data from profiles with data from boreholes with VSP and to remain compatible with the result form previous analysis for shallower sediments, the "virtual boreholes" are introduced being vertical velocity to depth relations taken from 2D velocity mod- Fig. 1 . Location map of boreholes used in this study on the background of the geological division of Poland (Sokoáowski 1968) . Dark blue dots symbolize boreholes reaching old Paleozoic outside the Carpathians, light blue dots symbolize boreholes in the Carpathians, green dots symbolize "virtual boreholes" (see text for explanation) from seismic refraction profiles, light green rectangle marks part of P4 profile from Fig. 2 , blue circles marks boreholes locations shown in Fig. 2 . els for certain location among profile paths. "Virtual boreholes" can be calculated at any location on the profile and in this paper they are calculated for every 10th km of all profiles within the territory of Poland (Fig. 1) . Data from "virtual boreholes" is later analyzed in the same manner as standard geological borehole with VSP (Grad and Polkowski 2012) .
To keep the compatibility with previous analysis, the same division for regional and local units is taken (Sokoáowski 1968) . The area of Poland is divided into 4 regional units and a total of 14 local sub-units ( Locations of boreholes providing velocity information for old Paleozoic sediments for East European Craton, Polish Lowland, and Folded Area, locations of boreholes providing velocity information for Carpathian sediments and locations of virtual boreholes taken for further analysis among the regional division are shown on the map in Fig. 1 . As can be noted from this figure, the distribution of boreholes is not uniform. Especially, in units B 2 and B 3 , where sedimentary cover is very thick, no boreholes reach the old Paleozoic sediments. Fortunately, this area is well covered with virtual boreholes due to high density of seismic profiles there.
The goal of this paper is to provide, together with previous results (Grad and Polkowski 2012) , complete knowledge about velocity-depth relations for the whole area of Poland, individually for 14 separate units, for all sediments: Tertiary and Quaternary, Cretaceous, Jurassic, Triassic, Permian, old Paleozoic, and all Carpathian Sediments. All these relations can be used in the future for creating 3D model of P-wave velocities of entire crust in Poland, which is of great importance for studying deeper structures with different methods, including seismic tomography, surface wave inversion and receiver function. Additionally, it could be used for gravity, magnetic, and heat flow analysis. 
VSP AND REFRACTION DATA
For this study, a total of 833 554 m of vertical seismic profiles from 498 boreholes were analyzed, including 299 295 m of VSP in old Paleozoic sediments in the area of East European Craton, Polish Lowland, and Folded Area, and 534 259 m from the Carpathian Mountains (all sediments). Additionally, to cover areas and depths not reached by boreholes, 29 seismic refraction profiles were processed. To allow common processing for borehole VSP data and refraction data "virtual boreholes" are introduced. presents part of refraction profile P4 with "virtual boreholes" in old Paleozoic sediments and locations with depth of geological boreholes located close to the profile path. To equalize importance of refraction and borehole data sets "virtual boreholes" are taken from profiles every 10th km 741 "virtual boreholes" are analyzed and provide 3 466 844 m of virtual VSP, including 604 226 m in the Carpathians. Figure 3 shows histograms of analyzed lengths of boreholes VSP for both standard and "virtual boreholes" separately outside the Carpathians and in the Carpathians.
Sediments in the Carpathians are well mixed, fractured, trusted, and folded, creating flysch deposits that are composed of different age rocks (Tertiary and Quaternary, Cretaceous, Jurassic). Structure of these deposits, and even older rocks, makes them very difficult to differentiate, so in this paper all Carpathian sediments are analyzed together.
To allow further analysis, all data were recalculated (interpolated) to provide velocity data with 1-m interval (Grad and Polkowski 2012) Firstly, from the whole data set containing information about depth, velocity and belongingness to layer and unit for both real and "virtual boreholes" values for requested unit and layer are selected (for example, old Paleozoic in unit B 1 or all sediments in unit D a ). In Figures 4 and 5 these are shown as thin blue (for real boreholes) and green (for "virtual boreholes") lines.
Secondly, moving averages of velocities are calculated with depth. Length of moving averages window is set to 50 m. This step is necessary to event weight of large amount of data at low depths with significantly smaller amount of data at greater depths. In Figures 4 and 5, the moving average is shown as a thick red line. Table 1 for details. Other explanations as in Fig. 4 . Fig. 4 . P-wave seismic velocities for the old Paleozoic sediments measured in boreholes (thin blue lines) and "virtual boreholes" (thin green lines) along with moving of velocities average with depth (thick red lines) and fitted polynomial (thick black lines). Polynomial coefficients are provided in Table 1 . Division into geological units corresponds to Fig. 1 . See text for more explanation. Lastly, the final velocity versus depth formulas is calculated by fitting polynomials to moving averages. For the area of East European Craton, Polish Lowland, and Folded Area, second order polynomials are used. For the Carpathians where total thickness of sediments exceeds 20 000 m and all sediments are analyzed, two polynomials are introduced to better fit data at full depth range: second order for 500-1500 m of sub surface sediments, and third order for deeper sediments. Both polynomials are intersecting, so the overall result is a continuous function, but not a smooth function. In Figures 4 and 5 velocity versus depth result polynomials are shown as thick black lines. All polynomials and their coefficients are given in Table 1 .
Note that depth values increase downward and zero corresponds to terrain level. Figure 4 shows data and analysis results for the old Paleozoic sediments in the East European Craton, Polish Lowland, and Folded Area, while Fig. 5 shows the data and analysis results for the Carpathian sediments.
In areas of the East European Craton, the Polish Lowland, and the Folded Area P-wave seismic velocities in the old Paleozoic sediments increase slowly with depth, reaching up to 5500-6000 m/s at depths of 8000-11 000 m. Calculated moving averages are smooth and second order polynomials fit them very well. The largest velocity increase with depth can be observed in unit C b , where the old Paleozoic sediments reach only the 2500 m depth.
In the Carpathians, where all the sediments are analyzed, a significant increase of velocity with depth, from about 2000 m/s at the surface to about 4500 m/s at 1000 m depth is observed. For deeper sediments, velocity increases slower with depth and for depths over 15 000 m the speed remains almost constant, not exceeding 6000 m/s.
SUMMARY AND CONCLUSION
Velocity versus depth formulas presented in this and previous paper (Grad and Polkowski 2012) provide full knowledge of P-wave velocities in the whole sedimentary cover in Poland. In this paper, VSP data was combined with seismic refraction profiles data to provide velocity versus depth relations for the old Paleozoic sediments in the area of East European Craton, Polish Lowland and Folded Area, and for all Carpathian sediments. Thickness of sediments in Poland reaches up to about 25 000 m, but P-wave velocities do not exceed 6000 m/s, making knowledge about seismic velocities in sediments very important.
To (Suvorov and Mishen'kina 2005) , the German Basin and the North Sea Basin (Nielsen et al. 2005) , the Donbas Foldbelt (Grad et al. 2003b) , and two deep boreholes: Kola Superdeep Borehole (KSDB) in Kola Peninsula in northeastern Russia and Kontinentales Tiefbohrprogramm Borehole (KTB) from Germany (Smithson et al. 2000) .
Basin (Nielsen et al. 2005) , and the Donbas Foldbelt (Grad et al. 2003b) . All these results show some similarities: velocities are ±300 m/s with similar velocity gradients in the whole depth range. Additionally, two deep boreholes: Kola Superdeep Borehole (KSDB) in Kola Peninsula in northeastern Russia and Kontinentales Tiefbohrprogramm Borehole (KTB) from Germany (Smithson et al. 2000) are compared to results from this paper. The KSDB borehole is drilled through ca. 12 000 m of the Precambrian rocks including ca. 7000 m of the Proterozoic supracrustal rocks and ca. 5000 m of the Archean gneisses, while KTB is located in a terrain of Hercynian metamorphic rocks in southern Germany and reaches over 9000 m deep. Because of that, velocities in those boreholes are much bigger than velocities in the sediments in Poland. All comparisons are presented in Fig. 6 .
Comparison of the velocity versus depth relations for combined units can lead to an interesting observation: the velocity-depth relation for part of the Folded Area (C d + C e + C f ) is shifted by ca. 2500 m in relation to two other combined units (B 1 + B 2 + B 3 , D a + D b + D c ), which are almost identical. This shift might be a result of an uplift of this area in tectonic history. Material might have been deposited deeper and later, after it was compacted, the whole area might have been uplifted so now it has characteristic velocities for deeper sediments. Scherbaum (1982) made similar observation in Germany. This effect might also be a result of local anisotropy between vertical velocity (to which VPS measurements are sensitive) and horizontal velocity (measured by refraction). This could be a very interesting topic for further analysis.
A c k n o w l e d g m e n t s . The VSP data collected in the 1980s are from the Archives of the PBG Geophysical Exploration; more recent data are from the Central Geological Archives. The public domain GMT software Smith 1998, Wessel et al. 2013) has been used to produce map in Fig. 1 . National Science Centre Poland provided financial support for this work by NCN grant DEC-2011/02/A/ST10/00284. 
